The xeroderma pigmentosum group D (XPD) protein is a well-characterized DNA helicase necessary for the nucleotide excision repair of bulky DNA lesions, such as those induced by cigarette smoking. Polymorphisms in several exons of the XPD gene have been identified; two of them, Asp312Asn and Lys751Gln, are common and result in an amino acid change. Most of the reported data indicate higher levels of DNA adducts in people carrying variant Asn or Gln alleles, which suggests that these persons have lower repair efficiency. These two polymorphisms have been hypothesized to modify the risk of lung cancer. To examine this association, the authors undertook a review and meta-analyses of nine published case-control studies. No clear association between XPD Asp312Asn or XPD Lys751Gln gene polymorphisms and lung cancer was found. However, it may be only the joint effect of multiple polymorphisms within the gene that provides information about an association with lung cancer. Because of advances in high-throughput genotyping techniques, it is likely that future association studies on lung cancer will need to investigate multiple polymorphisms within genes and multiple genes within the same pathway and will need to use recently developed haplotype-based methods to evaluate the haplotypic effects.
damage (2) . It also acts in the initiation of RNA transcription by RNA polymerase II by anchoring the cyclindependent kinase-activating kinase complex, which is composed of cyclin-dependent kinase 7 (cdk7), cyclin H, and ménage à trois 1 (MAT1), to the core transcription factor IIH complex (3) .
Nucleotide excision repair is the major pathway for removal of bulky DNA lesions, particularly those induced by cigarette smoking. The XPD protein is absolutely necessary in nucleotide excision repair. Once the DNA lesion has been recognized by specific proteins, the helicase activity of XPD, in concerted action with the xeroderma pigmentosum group FIGURE 1. Locations of various polymorphisms on the excision repair cross-complementing rodent repair deficiency, group 2/xeroderma pigmentosum group D (XPD) gene. The XPD protein is composed of 760 amino acids. The open rectangles demarcated by the numbered amino acids correspond to the consensus domains for DNA-DNA helicase activity (Roman numerals). The codon numbers and eventual amino acid changes for the seven polymorphisms studied in this paper are indicated, according to the work of Shen et al. (7) and Mohrenweiser et al. (8) .
TABLE 1. Phenotypic endpoints relevant for lung carcinogenesis associated with ERCC2*/XPD*-312 and -751 gene polymorphisms
* ERCC2, excision repair cross-complementing rodent repair deficiency, group 2; XPD, xeroderma pigmentosum group D; CAT, chloramphenicol acetyltransferase; BPDE, benzo(a)pyrene diol epoxide.
† Persons who were homozygous for wild-type alleles at both loci exhibited the best repair level. Trend test: p = 0.001 for cases. ‡ There was a higher adduct level for the Asn312Asn and Gln751Gln genotypes than for all other genotypes. § The lowest DNA repair capacity was associated with the highest number of homozygous variant genotypes (p = 0.02). B helicase, allows the opening of the double helix so that the damaged strand can be cut and the damaged piece of DNA removed. A similar helix opening activity allows the initiation of RNA transcription by RNA polymerase II. XPD activity is essential for life; total absence of the XPD gene results in embryonic lethality (4) . Point mutations in the human XPD protein play a causative role in DNA repair-deficiency diseases (xeroderma pigmentosum, trichothiodystrophy, and Cockayne syndrome), which are characterized by high ultraviolet-light hypersensitivity, a high mutation frequency, and cancer-proneness, as well as some mental and growth retardation and probably aging (5) . Most of these mutations are located in the Cterminal part of the protein, which is the domain of interaction, inside the transcription factor IIH complex, with the p44 protein being necessary for activating the helicase activity (3). The very high cancer-proneness of xeroderma pigmentosum patients (including internal cancers) shows clearly the relevant association between DNA repair efficiency and cancer risk.
Phenotypic endpoints

GENE VARIANTS
Because the XPD protein is absolutely necessary for efficient nucleotide excision repair, DNA repair-deficient cells arising from a mutation in the XPD gene exhibit low unscheduled DNA synthesis and low survival following ultraviolet irradiation. However, these two biologic assays are not sensitive enough to detect small DNA-repair defects, as might be expected from polymorphisms in DNA repair genes. Most investigations of the effect of XPD polymorphisms on cell repair capability have used the host cell reactivation assay, wherein a reporter gene present in a damaged plasmid (a plasmid treated with ultraviolet light or benzo(a)pyrene diol epoxide) is transfected into human cells for quantification of the level of DNA repair. This technique is one of the most sensitive ones but until now has measured the repair level of blood lymphocytes that are not the target cells for carcinogenesis. The measure of DNA adducts can also quantify the DNA repair level of cells treated in vitro by a given genotoxic agent or can determine a steady-state amount in lymphocytes from individuals between the level of exposure and the level of repair. These experiments have utilized several assays to quantify the number of DNA lesions, such as 32 P-postlabeling, immunohistochemistry, or thin-layer chromatography. Other phenotypic effects have been evaluated, but because they are not directly interpretable for lung carcinogenesis, we do not describe them in this review.
Besides point mutations that cause diseases and are found in the homozygous state in patients or on only one XPD allele in asymptomatic parents, seven polymorphisms in exons 6, 8, 10, 17, 22 , and 23 of the XPD gene have been identified by sequencing the DNA of individuals (6) (7) (8) . Three of these polymorphisms are silent, and the remaining four result in amino acid changes (figure 1). Whereas the codon 199, codon 201, and codon 575 polymorphisms are rare (allele frequency ∼1 percent), those in codons 156, 312, 711, and 751 are common (allele frequencies >25 percent) (7, 8) . Two XPD polymorphisms (i.e., Asp312Asn and Lys751Gln) have mainly been investigated in relation to phenotypic endpoints relevant to lung carcinogenesis (9-15; table 1). Concerning the Asp312Asn polymorphism, most of the reported data indicate a higher level of DNA adducts in Asn individuals than in Asp individuals, which is interpreted as a lower repair efficiency for the XPD Asn allele. This is also true for the Lys751Gln polymorphism; the Gln allele is associated with a higher DNA adduct level or lower DNA repair efficiency, except in research by Duell et al. (9) , who found no correlation between the XPD-751 polymorphism and the level of polyphenol-DNA adducts in human blood samples. Matullo et al. (15) demonstrated a higher level of DNA adducts, measured by 32 P-postlabeling, in lymphocytes from nonsmokers with the XPD-751 Gln homozygous genotype. Similarly, Palli et al. (10) reported a higher level of DNA adducts in workers with at least one Gln allele who were exposed to traffic pollution in comparison with workers with the two common alleles. Levels of polycyclic aromatic (7), three XPD polymorphisms, Arg156Arg, Asp312Asn, and Lys751Gln, were mainly investigated in genetic epidemiologic studies because of their high frequencies and/or amino acid substitution variants. In this review, we focus on the prevalence of these polymorphisms in different populations and their potential effect on lung cancer risk.
We conducted a MEDLINE search using "ERCC2" or "XPD" and "polymorphism" for papers published before December 2003. The search was limited to human subjects, without language restriction. For case-control studies, only genotype frequencies for the control population were considered. Studies that reported only allele frequencies and no genotype frequencies were not included. Studies based on fewer than 100 persons were excluded. When a subset of the same control population was used in several publications, we retained the results based on the largest sample size. For each study, we assessed the Hardy-Weinberg equilibrium via a goodness-of-fit χ 2 test to compare the observed and expected genotype frequencies.
We identified 18 publications reporting on the prevalence of XPD polymorphisms (11, 12, (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) . Genotype frequencies were in agreement with those predicted under the conditions of Hardy-Weinberg equilibrium in almost all populations (tables 2, 3, and 4). Fewer than half of the studies were population based, and except for two large studies based on more than 1,000 persons, most of the remaining studies had sample sizes in the range of 100-300. These differences in study design could make it difficult to determine the extent to which apparent geographic or ethnic variation reflects genetic differences or methodological factors.
The genotype frequencies of the XPD Arg156Arg polymorphism are shown in table 2. Neither the C allele nor the A allele was predominant in the four studies carried out in the United States; approximately half of the persons studied had the heterozygous C/A genotype and 20 percent carried the homozygous A/A genotype. In the United Kingdom, a lower frequency of the A/A genotype (13 percent) was reported among cadaveric renal transplant donors; however, we were unable to test for Hardy-Weinberg equilibrium in this population, because the genotype distribution was not provided in the published article (16) . No information on other geographic regions was available. Table 3 shows the genotype frequencies for the XPD Asp312Asn polymorphism. The Asn allele was frequently observed in Europe and the United States, typically with 40-50 percent Asp/Asn heterozygosity and 10-15 percent Asn/ Asn homozygosity. In contrast, the Asn allele was uncommon in the one large Chinese study (21) , and Asn/Asn homozygosity was rarely reported.
With regard to the XPD Lys751Gln polymorphism (table 4), the Gln allele was common in Europe and North America; approximately 50 percent of these persons carried the heterozygous Lys/Gln genotype and 10-15 percent had the homozygous Gln/Gln genotype. The Gln allele was less frequently reported in African Americans, with 5.6 percent Gln/Gln homozygosity (29) . This allele was uncommon in China (21), South Korea (26), and Japan (27) : Nearly 90 percent of the subjects carried the Lys/Lys genotype, and the Gln/Gln genotype was rarely observed. However, this pattern of genotype frequencies was very different in another Chinese population (25) , with approximately 18 percent of subjects carrying the homozygous Gln/Gln genotype. Errors in genotyping might explain these discrepant results, since it seems unlikely that such great variation would exist in a population where all persons were of the same ethnicity.
DISEASE
Lung cancer is the most common malignant disease worldwide; 900,000 new cases are diagnosed each year in men and (33) . Smoking induces lung cancer of all of the major histologic types; the strongest association has been reported for squamous cell carcinoma (34) , which is the most common type of lung cancer in many populations. Male smokers have 8-15 times the lung cancer risk of nonsmokers (31) . Dose-response relations have been observed for both intensity of smoking (i.e., daily tobacco consumption) and duration of smoking (33) . In addition, there is evidence for an association between exposure to secondhand smoke and lung cancer risk in nonsmokers (35); systematic reviews have identified an excess risk on the order of 25 percent in nonsmokers who have ever lived with a smoker (36, 37) , and clear dose-response relations between exposure to secondhand smoke from different sources and the development of lung cancer among never smokers were recently reported (38) .
An increased risk of lung cancer has been established for employment in several industries and for domestic radon exposure (International Agency for Research on Cancer monographs, 1972-2001 (http://monographs.iarc.fr)). There are also consistent results on inverse associations between fruit and vegetable consumption and lung cancer risk (39) .
Many xenobiotic metabolizing enzymes, such as cytochrome P-450 (CYP), glutathione S-transferase (GST), epoxide hydrolase (EPHX), and myeloperoxidase (MPO), are involved in the metabolism of carcinogenic polycyclic 
ASSOCIATIONS AND INTERACTIONS
To our knowledge, nine case-control studies have investigated the associations of Asp312Asn and/or Lys751Gln polymorphisms with lung cancer risk (11, 12, 21-23, 25, 26, 29, 48) . The designs and main results of these studies are summarized in tables 5, 6, and 7. Except for two large studies based on more than 1,000 cases and a similar number of controls, the studies contained approximately 100-300 cases each. All of the studies were conducted with incident cases, but only two of them used population-based controls. A protective effect of the XPD-312 Asn allele was suggested in one study based on a small sample size (48) . In contrast, the Asn/Asn homozygous genotype was associated with increased risk of lung cancer in the two largest studies (21, 23; table 6); however, the findings of one of these studies were based on 11 cases and one control (21) . No clear association between the Asn allele and lung cancer risk was found in the remaining studies. Regarding the Lys751Gln polymorphism (table 7) , no significant increased risk of lung cancer was observed overall for possession of the Lys/Gln heterozygous genotype or the Gln/Gln homozygous genotype. A 2.7-fold risk associated with the Gln/Gln genotype was suggested in one study (21) , but this result was based on small numbers of subjects (14 cases and six controls).
We undertook meta-analyses of these studies. We had a total of 2,886 cases and 3,085 controls for the XPD-312 polymorphism (six studies) and 3,374 cases and 3,880 controls for the XPD-751 polymorphism (seven studies; two studies were not included because genotype distributions were not provided in the published articles (26, 48) ). Random-effects models were fitted. The homogeneity of the study results was assessed via the Q statistic, with p values less than 0.05 indicating a lack of homogeneity (49). Summary odds ratios were calculated for all of the studies combined, as well as by geographic region (Asia, Europe, and North America) when possible. Meta-analysis of data from published reports can produce biased results if the included studies are a biased sample of studies in general (50); therefore, we assessed publication bias using the test of Egger et al. (51) .
Summary odds ratios associated with the XPD-312 gene polymorphism are shown in table 8 and figures 2 and 3. No significant association between lung cancer and the heterozygous Asp/Asn genotype was found for all of the studies combined or by geographic region. A summary odds ratio of 1.18 (95 percent confidence interval (CI): 0.84, 1.67) was found for carriers of the XPD-312 Asn/Asn genotype. Statistical tests indicated no significant heterogeneity of individual study results (p value for Q statistic = 0.09). Grouping results by geographic region revealed a significantly increased risk of lung cancer associated with the homozygous variant genotype in the United States only (odds ratio = 1.43, 95 percent CI: 1.11, 1.83). This finding was entirely due to the study by Zhou et al. (23) , which is TABLE 7. Findings from published studies on the association between the ERCC2*/XPD* Lys751Gln gene polymorphism and lung cancer risk and the interaction of the polymorphism with smoking * ERCC2, excision repair cross-complementing rodent repair deficiency, group 2; XPD, xeroderma pigmentosum group D; OR, odds ratio; CI, confidence interval.
† Reported in the publication. ORs and 95% CIs were not calculated because the genotype distribution was not given in the published article. ‡ Reference category. § Adjusted for age and smoking. ¶ Adjusted for sex, age, and smoking status. # Crude OR and 95% CI (Cornfield's method) calculated using published data. ** Adjusted for sex, age, and environmental tobacco smoke exposure. † † Adjusted for sex and age. ‡ ‡ Adjusted for sex, age, square root of pack-years of smoking, and years since cessation of smoking. § § Adjusted for sex, age, smoking status, and pack-years of smoking. Because XPD helicase is a major protein in the repair pathway necessary for removal of tobacco-induced DNA lesions, ERCC2/XPD polymorphisms are presumed to affect smoking-related cancer risk by modulating the repair level. Therefore, the potential modifying effect of XPD genotype on the relation between lung cancer and tobacco smoking is of particular interest. Differences in association for Asp312Asn and Lys751Gln polymorphisms by level of smoking were investigated in some studies (tables 6 and 7); however, the statistical power to detect them was generally limited. A significant fourfold risk of lung cancer was found among never smokers carrying the Asn/Asn genotype in comparison with persons with the Asp/Asp genotype (23); this excess risk was higher than that for smokers. Furthermore, among smokers, cancer risks associated with the Asn/ Asn genotype decreased significantly as levels of tobacco exposure increased. Consistent with this finding, a twofold risk associated with the Asn allele was found among never smokers only in another study (12; table 6) . Both of these studies reported the same tendency for the Lys751Gln polymorphism: a twofold risk among never smokers with the variant Gln allele as compared with persons who were homozygous for the Lys allele (table 7) . Although there was no evidence of differences in risk in the remaining studies, these results are consistent with the hypothesis that the effect of genetic polymorphisms may be apparent only in the presence of lower levels or different classes of DNA damage than those caused by smoking (23) .
ERCC2/XPD
In two studies (25, 52) , the effect of XPD gene polymorphisms was also studied in combination with polymorphisms in the x-ray cross-complementing group 1 (XRCC1) gene. A significantly increased risk of lung cancer was found among persons with five or six variant alleles of the three XPD Asp312Asn, XPD Lys751Gln, and XRCC1 Arg399Gln polymorphisms in comparison with persons with no variant alleles (52) . Similarly, persons with allele variants for both the XPD Lys751Gln and XRCC1 Arg194Trp polymorphisms were found to be at higher risk of lung cancer than persons with only one of them (25) . Possible associations between polymorphic genes belonging to various metabolic pathways are being researched. For example, Pastorelli et al. (53) reported significantly higher levels of benzo(a)pyrene diol epoxide-DNA adducts in lymphocytes from lung cancer patients only among persons exhibiting GSTM1 deletion and having both FIGURE 2. Odds ratios for the relation between the Asp/Asn genotype of the xeroderma pigmentosum group D Asp312Asn gene polymorphism (vs. the Asp/Asp genotype) and lung cancer risk. For each study, the odds ratio estimate is plotted with a box; the area of each box is inversely proportional to the estimated effect's variance in the study. Diamond, pooled odds ratio; horizontal lines, 95% confidence interval. For each study, the odds ratio estimate is plotted with a box; the area of each box is inversely proportional to the estimated effect's variance in the study. Diamond, pooled odds ratio; horizontal lines, 95% confidence interval.
XPD-312 and -751 wild-type alleles. This result does not correlate with the findings reviewed above. Because it seems to be true only in patients who are deficient in the GSTM1 enzyme and therefore should have a greater number of DNA adducts, it may be that the efficiency of DNA repair varies according to the absolute number of DNA lesions.
Several DNA repair pathways are involved in the maintenance of genetic stability. The most versatile and important FIGURE 4. Odds ratios for the relation between the Lys/Gln genotype of the xeroderma pigmentosum group D Lys751Gln gene polymorphism (vs. the Lys/Lys genotype) and lung cancer risk. For each study, the odds ratio estimate is plotted with a box; the area of each box is inversely proportional to the estimated effect's variance in the study. Diamond, pooled odds ratio; horizontal lines, 95% confidence interval.
FIGURE 5.
Odds ratios for the relation between the Gln/Gln genotype of the xeroderma pigmentosum group D Lys751Gln gene polymorphism (vs. the Lys/Lys genotype) and lung cancer risk. For each study, the odds ratio estimate is plotted with a box; the area of each box is inversely proportional to the estimated effect's variance in the study. Diamond, pooled odds ratio; horizontal lines, 95% confidence interval.
one is the nucleotide excision repair pathway, which detects and removes bulky DNA adducts, including those induced by cigarette smoking (54) . The existence of dramatic diseases associated with dysfunction of this pathway suggests that it may also be important in the general population. The base excision repair pathway involves removal of modified bases such as oxidized purines or pyrimidines that can also be produced following cigarette smoking. However, the redundancy of glycosylases and the absence of associated human diseases do not favor the possibility of a role for base excision repair in lung cancer. Mismatch repair removes unrepaired bases and partially recognizes bulky adducts. Because patients deficient in mismatch repair do not exhibit lung cancer, this pathway does not appear to be the prime candidate for study in relation to cigarette smoking. Finally, recombination pathways are able to remove or bypass bulky lesions, allowing the cells to tolerate them (55) . The destruction of the genes governing these recombination pathways results in embryonic death (4) , demonstrating that these pathways are absolutely necessary for life. Abnormal recombination may produce mutations or genetic instability leading eventually to cancer.
In analyzing these different DNA repair pathways, it is logical to prioritize the study of nucleotide excision repair, which is the major repair pathway for lesions produced by cigarette smoking. The XPD protein is a major player in this process, but because it also acts on RNA transcription, which is essential for cellular life, the reported polymorphisms may have little effect, if any, on biologic processes. Other genes that are not necessary for transcription, such as XPA, XPC, XPE, or XPF, may be revealed to be a better target for polymorphism analysis in this pathway.
If one excludes the study of nucleotide excision repair, the recombination pathways are probably a good target for further studies. Scientists would then have to choose either homologous or illegitimate recombination for analysis. Up to the present time, there have been no obvious data in the field to promote one of these two pathways.
In the case-control studies on lung cancer reviewed in this paper, investigators restricted their analysis to one or two XPD polymorphisms, and overall no evidence of associations was found. However, it may be only the joint effect of multiple polymorphisms within the gene that provides information about an association with lung cancer. Advances in identification of new variants and in high-throughput genotyping techniques will facilitate analysis of multiple polymorphisms within genes and multiple genes within the same pathway (56) . Therefore, it is likely that the defining feature of future epidemiologic studies will be the simultaneous analysis of large numbers of polymorphisms in candidate genes in much larger samples of cases and controls (57, 58) . It may be necessary to establish consortia of researchers investigating a particular cancer site to test the repeatability of findings. Furthermore, the effects of polymorphisms are perhaps best represented by their haplotypes (a set of closely linked polymorphisms inherited as a unit on the same chromosome). Recent haplotype-based methods have been proposed for evaluating associations with the disease phenotype; one method involves statistically inferring haplotypes from the genotype data of unrelated persons included in case-control or cohort studies (59) (60) (61) . Haplotype-based methods were not used in the studies we reviewed; however, it can be anticipated that in future association studies on cancer, the development of these and other computational approaches will facilitate the evaluation of haplotypic effects, either for selected polymorphisms physically close to each other or for multiple genes within the same DNA repair pathway. 
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